A mutant of Schizosaccharomyces pombe deficient in both superoxide dismutase with copper and zinc as cofactors and glutathione was hypersensitive to menadione, which intracellularly generates superoxide radicals, and showed short chronological lifespan with more oxidation of proteins. Disruption of the sir2 gene in the double mutant enhanced the short chronological lifespan without more enhanced protein oxidation.
Since the molecular mechanisms that regulate cellular aging have been partially conserved throughout evolution, 1) the aging of yeast has been the focus of much attention in recent years. Two types of aging, replicative and chronological, have been described in Saccharomyces cerevisiae.
2) Replicative lifespan is defined as the number of daughter cells produced by individual mother cells. Chronological lifespan is defined by the viability of nondividing cells after entry into the stationary phase. The two share several mechanisms in common.
3) Reactive oxygen species (ROS) have been implicated as a causative agent of aging. 4, 5) Cells protect themselves from ROS via several mechanisms. Superoxide dismutase with copper and zinc as cofactors (CuZnSOD) and glutathione (GSH) are two major antioxidative molecules in the cytoplasm. CuZnSOD catalyzes the dismutation of the superoxide radical, a kind of ROS, to hydrogen peroxide and oxygen. GSH, which is enzymatically synthesized from its constituent amino acids, is the most abundant thiol-containing low-molecularweight substance in the cell, and it eliminates ROS. In the course of work to elucidate the roles of antioxidative molecules, we constructed a sod1 (the gene for CuZnSOD) gsh1 (the gene for -glutamylcysteine syntase, the enzyme that catalyzes the first step of GSH biosynthesis) double mutant MN706 as follows: The 2.1-kb MscI fragment in gsh1 was removed and replaced with the 1.8-kb ura4 þ -containing sequence and used to transform a sod1 deletion mutant MN415 6) (h À , ade6-M216, leu1, ura4-D18, Ásod1). A stable gsh1:ura4 þ disruptant was further transformed with a DNA fragment with a 2.1-kb deletion between MscI sites in gsh1 to construct a sod1 gsh1 double deletion strain, MN706. MN422, a gsh1 deletion strain, was constructed from wild-type strain JY741 (h À , ade6-M216, leu1, ura4-D18) in the same way. Deletion of gsh1 þ in these strains was confirmed by Southern hybridization.
The sensitivity of MN706 (sod1, gsh1) to menadione, which generates superoxide radicals intracellularly by redox cycling, was compared to that of JY741 (wild type), MN415 (sod1), and MN422 (gsh1) (Fig. 1 ). MN415 and MN422 showed similar degrees of sensitivity to menadione and were more sensitive than JY741. MN706 was more sensitive to menadione than MN415 or MN422. This indicates that GSH and CuZnSOD independently detoxify the superoxide radical and that the elimination of these two systems rendered S. pombe hypersensitive to the superoxide radical.
Since oxidative damage to cellular components has been implicated in aging and S. cerevisiae mutants deficient in ROS-destroying ability have a short chronological lifespan, 7) we tested the chronological lifespan of MN706 (sod1, gsh1). We used two criteria to assess the viability of cells. The first was colony-forming ability, which was measured by spreading appropriately diluted cells onto YE plates to grow colonies. The second criterion was ability to exclude a xenobiotic dye from cells, which was measured by staining cells with Trypan Blue to observe them under a microscope as described by Xu et al. 8) Colony-forming ability, which represents the ability to produce offsprings, has been used to assess the lifespan of microorganisms, while dye exclusion ability has been rarely used to assess the lifespans of microorganisms, but represents the ability to produce energy, which resembles the viability of multicellular organisms.
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We chose the time point 6 h after the culture OD at 600 nm reached 3.0 as time 0. This point was arbitrarily selected to assay the survival rate. Six h is two generations of the log phase of MN706, but the actual OD at 600 nm at the time point we chose as time 0 was approximately 5 for all strains used in this study. MN706 (sod1, gsh1) rapidly lost viability upon entry into the stationary phase as compared to JY741 (wild type), which did not lose viability within 3 d. MN415 (sod1) and MN422 (gsh1) did not lose viability within 3 d either. Both colony-forming ability ( Fig. 2A) and dye exclusion ability (Fig. 2B) were lost in MN706. Colony-forming ability represents the ability to drive the cell cycle, while dye exclusion ability represents the ability to produce energy. Since cell-cycle progression requires cellular energy, that a loss of colony-forming ability proceeded the loss of dye exclusion ability was a reasonable result. Since overexpression of Sir2, a NADdependent histone deacetylase conserved throughout evolution, 9) extends the replicative lifespan of S. cerevisiae 10) and the lifespan of some multicellular organisms, 11, 12) it was anticipated that lack of Sir2 would shorten the lifespan of cells. However, a defective sir2 in S. cerevisiae does not shorten the chronological lifespan. 13) We constructed a sod1 gsh1 sir2 triple mutant MN748 by transforming MN706 with a DNA fragment containing the sir2:kanMX6 sequence (obtained by PCR using sir2:kanMX6 strain LPY4451 14) DNA as a template and CAGTTCTCATGGTTCAAAG-CA and ACTCATGCAATTTCCACTCTCA, which flank the sir2 þ gene of S. pombe, as primers) and selecting a geneticin resistant clone. MN452, a sir2: kanMX6 mutant under JY741 background, was also constructed from JY741. The presence of the sir2: kanMX6 mutation in these strains was confirmed by PCR. MN748 (sod1 gsh1 sir2) lost colony-forming ability at a rate similar to MN706 (sod1 gsh1) until 48 h after entry into the stationary phase but after that time lost colony-forming ability more rapidly than MN706 (Fig. 2A) . Dye exclusion ability was also lost more rapidly in MN748 than in MN706 (Fig. 2B) . These results indicate that deletion of sir2 shortened the chronological lifespan of the double mutant. This suggests that the Sir2 of S. pombe plays an important role in chronological longevity and functions differently from that of S. cerevisiae, in which the Sir2 mutation does not shorten the chronological lifespan and expands the lifespan of some mutants. 13) Without the sod1 and gsh1 mutations, sir2 deficiency did not bring a significant reduction of chronological lifespan in either colonyforming ability or dye exclusion ability ( Fig. 2C and D) , though a slight reduction of chronological lifespan in colony-forming ability was observed in MN452 (sir2). Loss of ROS-destroying ability might unveil a function of Sir2 in the aging process, which is hidden behind the effect of ROS-destruction in the wild type.
Since ROS directly oxidize some amino acid residues of proteins to yield carbonyl derivatives, 5) we determined the carbonyl content of cellular proteins as an index of cellular oxidative damage. This was estimated with an Oxyblot kit (purchased from Intergen, Burlington, MA) that detects 2,4-dinitrophenylhydrazine derivatized carbonyl groups in proteins by Western blotting. As shown in Fig. 3A , proteins of MN706 (sod1 gsh1) in the stationary phase showed enhanced oxidation as compared to JY741, MN415 (sod1), and MN422 (gsh1) in the stationary phase. In the log phase, these four strains showed similarly low levels of protein oxidation. To test the effect of Sir2 deficiency on the cellular oxidative state, we tested the protein oxidation of MN706 (sod1 gsh1) and MN748 (sod1 gsh1, sir2) (Fig. 3B) . Both strains showed low protein oxidation in the log phase and similarly enhanced oxidation of proteins 24 h and 48 h after entry into the stationary phase, time points at which colony-forming ability was retained and declined respectively. The protein oxidation of MN422 (sir2) in log phase and stationary phase was also similar to that of JY741 (wild type) (data not shown). These results indicate that Sir2 deficiency did not affect the cellular oxidation state. They also suggest that protein oxidation was not responsible for the loss of colony-forming ability, though it is possible that the oxidation of specific proteins, which occurred at a later time and was not detected by this method, was critical to the loss of colony-forming ability. Menadione at the concentrations indicated was added to YE (0.5% yeast extract, 3% glucose) liquid culture at mid-log phase (1 Â 10 7 cells/ml). After 30 min of incubation, the cells were diluted sequentially, and a 2.5 ml aliquot was spotted on YE plates. Note that the menadione concentration used for MN706 was much lower than that used for the other strains. The data presented are results representative of five independent experiments.
Investigation of the chronological aging of S. pombe by comparing it to that of S. cerevisiae, a successful model of aging, 2) should give valuable insight into the aging of higher eukaryotes. Since the molecules involved in ROS resistance are potent anti-aging machinery, loss of them should make the effects of chemical agents and the mutation of genes involved in aging process clearer, as shown here for the Sir2 function. The sod1 gsh1 double mutant presented here should be useful in identifying new mutations and chemical agents that affect the aging process. Moreover, considering long time spans usually required in aging study, the short chronological lifespan of the mutant might be advantageous in investigating the chronological aging mechanisms of S. pombe. A, Cell extracts (15 mg of protein per lane) obtained from JY741, MN415, MN422, and MN706 in the log phase and the stationary phase (cultured for 60 h after entry into the stationary phase) were separated through SDS-PAGE, and carbonyl groups of the protein were detected. B, Cell extracts obtained from MN706 and MN748 in the log phase and the stationary phase (cultured for 24 h and 48 h after entry into the stationary phase) were used.
